In this paper, the development and actuality of high voltage direct current (HVDC) transmission technology in China are presented firstly. Then, taking the HVDC control system for a survey objective, the comparison and analysis of two different HVDC control systems produced by ABB and Siemens respectively are carried out. Besides, aiming at practical HVDC projects, the existing problems and defects of their control systems are summarized, and accordingly some possible solutions are suggested. At the end, the application trends of the HVDC control system are forecasted.
Introduction
High voltage direct current (HVDC) technology has been considered as a viable alternative to AC for long distance power transmission and interconnection of power systems. According to China's energy distribution and load demand, HVDC technology may play an important role in promoting power grid construction and optimizing energy configuration [1, 2] . In addition, it is predicted that the total installed capacity will exceed 1.2 billion kilowatts by the end of 2020, and in consideration of transmitting the new added power securely and reliably, the application and development of HVDC power transmission system will be indispensable.
Based on the power network planning established by State Grid Corporation of China (SGCC), by the end of the 11th Five-Year Plan (from 2006 to 2010), SGCC has 17 HVDC projects whose transmission power can reach 40 million kilowatts. In the "twelfth Five-Year" period, seven ±800kV Ultra HVDC projects and a ±660kV HVDC project will be completed, and their total transmission power can be up to 80 million kilowatts. Furthermore, in the Five-Year Plan from 2016 to 2020, SGCC will have 39 HVDC projects, and their transmission power can rise to 187 million kilowatts [3] .
Since the successful construction and reliable operation of Xiangjiaba-Shanghai project fully proved the performance of ±800kV UHVDC technology, considering the huge power export of Sinkiang and Tibet area, SGCC has started the R&D of a UHVDC technology with higher voltage level, and its selected rated voltage is ±1100kV. In 2012, the ±1100kV converter transformer prototype passed type test, and it could well meet the capability demands of national standard. In addition, the ±1100kV/5000A UHVDC thyristor valve has been developed by China XD Group [4] . The effective design of the above-mentioned main components can lay a good foundation for future UHVDC project.
As a matter of fact, whether for classic HVDC transmission project or for UHVDC transmission project, its control system, which can directly adjust the amplitude and direction of HVDC transmission power to meet the operating requirements, is certainly the project's heart. In other words, the performance of each HVDC project will dramatically depend on the correct and credible operation of its control system. But the existing HVDC control system still has some problems and defects, and along with the interconnection of national power grids and the introduction of smart grid step-by-step, many new requirements are put forward for the HVDC control system.
In this paper, taking the HVDC control system for a survey objective, the differences in the configuration modes and coordination characteristics of two HVDC control systems, produced by ABB and Siemens companies respectively, are discussed firstly. Then, taking into account practical HVDC projects, the existing problems and defects of their control systems are summarized. Finally, the development trends of the HVDC control system are forecasted in several aspects.
Comparison of Two Different HVDC Control Systems
For the HVDC transmission projects built in China, parts of their control systems are provided by ABB Company, and the others are mainly produced by Siemens Company. With regard to the two kinds of HVDC control systems, their configuration modes and coordination characteristics may be different from each other. In general, the structure of the HVDC control system is hierarchical, and it is composed of the following control levels: DC system control, converter station control, bipolar power control, pole power control, converter firing control and converter valve control (from high level to low level). Figure 1 . Simplified configuration block diagram of the CFC system adopted by ABB.
Alpha Max Controller
Among the above-mentioned multiple control levels, the converter firing control (CFC) is very important, and it receives a current order from the pole power control (PPC) and sends out alpha order in such a way that the ordered current is kept constant. In this chapter, we aim to study the differences in the two kinds of CFC systems adopted by ABB and Siemens respectively.
HVDC Control System Developed by ABB
As shown in Figure 1 , it indicates the simplified configuration block diagram of the CFC system adopted by ABB [5, 6, 7] . The dynamic response of a HVDC system is determined primarily through the setting of the Voltage Dependent Current Order Limiter (VDCOL) and the Current Control Amplifier (CCA). The VDCOL will reduce the current order at reduction of the direct voltage. This will avoid power instabilities during and after a.c. disturbances. It will also provide a fast and controlled restart after a.c. fault clearances. Furthermore, it will avoid stresses on the thyristors at continuous commutation failures.
The CCA is principally a proportional-integral (P-I) regulator where the proportional part executes instantaneous changes, while the integrator part maintains the value of alpha during steady-state conditions [8] . The CCA should have enough gain to keep the d.c. current equal to the current order and suitable dynamics to reach the demands regarding speed and stability. A few Limiters (Such as the overvoltage limiter and CCA limiter) are added, and the firing angle can have the dynamic and smooth regulating characteristics to guarantee the performance of converter bridge and thyristor valves. Under different running conditions, the CFC system's limiting and coordination control characteristics can be shown in Figure 2 . In the rectifier side, the Alpha Order Limiter (AOL) is used for avoiding that the firing angle is too small in the case of system recovery. In the inverter side, the Alpha Max Controller (AMC) is actually the revised gamma controller, and here the overvoltage limiter is ineffectual. 
HVDC Control System Adopted by Siemens
As shown in Figure 3 , it signifies the simplified configuration block diagram of the CFC system adopted by Siemens [9] , where the reactive power regulator (QPC) is used for controlling the reactive power exchange between DC and AC network [10] , and the Gamma kick can contribute to restrain voltage change and avoid commutation failure to some extent [11] . Then, this CFC system's coordination control characteristics can be shown in Figure 4 .
Comparative Analysis
According to Figure 1~Figure 4, it can be found that, with regard to the configuration mode and coordination characteristics of the CFC system (aiming at the three basic controllers, namely the voltage, current and gamma controllers), the two companies have different strategies. ABB makes use of three independent controllers with their own P-I regulators, and the gamma controller is used for restricting the voltage controller's maximum output, then the voltage controller can limit the current controller's maximum or minimum output in case that the converter's running condition is inverter or rectifler. As a result, the ordinal operation to adjust each controller's output is applied. In a different manner, Simens adopts a choice strategy to realize the coordination among the three basic controllers, and they will share a P-I regulator. In the rectifler side, the comparison between the current difference (∆I) and the voltage difference (∆U) will be done, and the minimal value between them will be selected to the P-I regulator. In the inverter side, the maximum value among ∆I, ∆U and the gamma difference (∆γ) will be selected to the P-I regulator. Coresponding to different selection mechanisms, the P-I regulator's control parameters will be distinguishing.
Moreover, ABB adopts a predictive gamma controller based on the average value [12] , but Siemens adopts a gamma controller on the basis of the actual measurement data [13] . According to [14] , the predictive gamma controller can consider the change of system operating mode, and in contrast with the other one, it can maintain the gamma angle's turn-off margin to avoid commutation failure more effectively.
Problems and Defects of the Existing HVDC Control Systems
Once some problems occur in a HVDC control system, in serious cases, the HVDC transmission project may be forced to discontinue. Thereupon, many load centers will lose their power supplies, and the stabilities of its related power systems may be threatened. Statistics show that [15] , there are 3 bi-pole forced outages and 60 mono-pole forced outages totally from 2007 to 2010 in 10 HVDC objects owned by SGCC. In 2010 alone, there is no any bi-pole forced outage, but 15 forced monopole outages happen, and the details can be shown in Table 1 . Figure 5 shows the classification of the reason causing forced outages in 2010. It can be observed that, the control system failure is a major problem that cannot be ignored. 
Problems and Defects
According to [16] [17] [18] [19] [20] , the existing problems and defects of the practical HVDC control systems can be approximately divided into the following three kinds: 1) Main engine trouble. For a few HVDC transmission projects, their control systems' main engines are industrial personal computers (IPCs), and the IPC's operation system is usually based on Microsoft Windows. In the early years of a HVDC project put into use, the main engine trouble happens relatively frequently. 2) Control board failure. The control boards configured in the HVDC control system (ABB) is on the basis of the MACH system, and the main characteristics of the MACH system are the high degree of functional integration and the open systems interface approach. Most of failures occur in the PS801 board (responsible for input-output), PS820 board (responsible for data communication) and PS830 board (responsible for controlling subsystem). 3) Control software defect. On the whole, the control software designed by ABB has reached a certain level of maturity. Nevertheless, during the localization process of the HVDC control system, some details are not fully considered. Therefore, several software logics are incomplete, and its parts of control parameters may be mismatching. 
Possible Solutions
For the forced outages caused by the main engine trouble and the control board failure, the possible solutions are replacing the original main engine, upgrading the operation system, improving the running environment, so as to make the HVDC control system's failure rate drop and reduce the outage probability. Directing at the control software defects, such as the error in logical processing and the improper parameter setting, the currently applied treatment measure is according to a specific fault case, and pointedly modifying the mismatched operation logic or control parameter which may be result in the control system false operation. Admittedly, this kind of treatment can bring some good effects in a way, and it has strong pertinence to specific questions, but in consideration of the HVDC control system's general development, studying and forming a general parameter setting/verification method, where different working conditions can be synthetically included, will have good prospects and practical meaning.
Prospect Forecast of HVDC Control System
In view of the HVDC control system's existing defects and the Chinese power grid's development requirements, in this chapter, the application trends of the HVDC control system are studied including the following four aspects: 1) Building a general parameter setting method for the control system. 2) Researching the fault diagnosis technology with control information taken into account. 3) Strengthening the application of additional control functions of DC system. 4) Promoting the realization of multi-Agent control system.
Building a General Parameter Setting Method for the Control System
A HVDC control system is actually consisting of control and protection segments. Once a serious fault or permanent fault occurs, the control segment's regulating capacity cannot meet the system demand, and the protection will operate to make the forced outage happen. For the sake of avoiding the DC protection misoperation, the rationalities of its setting values should be ensured. The electromagnetic transient simulation is usually used for calculating the protective settings, but there are drawbacks such as missing fallibility extremum of fault quantity, heavy work load and low level of automation setting [21] . The rationalities of protection parameters will largely depend on settings calculation work. The calculation of the DC protection settings will need a few fault ultimate values, such as maximum/minimum short-circuit current. Since the dynamic response of a HVDC transmission system has nonlinear characteristics, and it is difficult to obtain the ultimate values using an analytical algorithm of fault evaluation, and a method of transient simulation may be necessary. Here the electromechanical-electromagnetic hybrid simulation is recommended for the calculation work. Advanced digital power system simulator (ADPSS) independently developed by China Electric Power Research Institute (CEPRI) is a real-time hybrid simulation software with great working performance [22] [23] [24] [25] . In this software, a HVDC transmission system model can be divided into an electromagnetic transient sub-grid including HVDC primary equipment as well as control system, and an electromechanical sub-grid consisting of the rest AC power systems. Consequently, not only the scale of simulation study can be guaranteed, but also its calculation accuracy may reach a higher level.
Under different running conditions and fault locations, the voltage-current and firing angle characteristics of a HVDC transmission system will be different, and its fault ultimate values should be calculated in accordance with the specific conditions. As shown in Figure 6 , it signifies the simplified flow diagram of a general parameter setting method. For different fault cases, the hybrid simulations are carried out firstly, and then the simulation waves will be sent to the module used for calculating the fault ultimate values through the data read module. Further, according to the system data base which includes all of the setting principles, the HVDC protective settings can be automatically achieved. For the proposed general parameter setting method, the following two points should be paid more attention to: 1) In order to ensure the correctness of the original data (simulation waves), the hybrid simulation model should be complete, and in particular the model of the HVDC control system should be accurate. 2) How to get the fault ultimate values from the voltage-current and firing angle simulation waves, and an effective feature extraction algorithm should be adopted.
Researching the Fault Diagnosis Technology with Control Information Taken into Account
As already mentioned, more and more UHVDC projects are already in the planning and construction in China, and the UHVDC technology has become an important technical means of large-area interconnection and large-scale allocation. Because of the higher voltage grade and the bigger transmission power of UHVDC systems, it is very likely to result in production pause or confusion due to system abnormity and fault. Accordingly, the fault diagnosis of HVDC transmission system has become one of the core technologies. A fast and accurate fault diagnosis method is the premise to adopt effective control measures through locating the fault point in a UHVDC system, which can help to improve this UHVDC system's operation stability to a certain extent [26] .
According to [27] [28] [29] [30] [31] [32] [33] [34] [35] , a few preliminary studies have been done in HVDC fault diagnosis, and many advanced techniques are adopted, such as the introduction of artificial intelligence algorithm and the construction of fault function. However, the research scope of the available diagnosis methods mainly focus on DC line fault and AC system faults, and the action information coming from the configured HVDC control system is not considered thoroughly.
As shown in Figure 7 , it indicates the system architecture of the fault diagnosis algorithm with control information taken into account. Firstly, according to the voltage and current waveforms (coming from simulation analysis) as well as the action information of the HVDC control system, a HVDC project's electrical and switching quantities can be achieved. Then, on the basis of the two quantities' changing trends, the HVDC project's working characteristics and principles, the fault area can be preliminarily identified. Further, by the use of numerical analysis, such as the wavelet analysis method, the two quantities' characteristic signals can be collected, and the characteristic signals will be processed to get their own evidence information. At the last, using multi-information fusion theory, for instance, the Dempster-Shafer (DS) theory [36] , the two kinds of evidence information will be fused, and the fault diagnosis as well as the decision making can be performed. For the suggested fault diagnosis method, the loss of its evidence information in the data processing procedure, and the uncertainty of the protection action should also be considered to ensure the diagnostic result's validity.
Strengthening the Application of Additional Control Functions of DC System
During the planning stage of a HVDC project, preliminary studies are carried out in order to establish the basic design of the whole HVDC transmission project. Besides, special attention is paid to improve the stability of both connected AC systems. Several additional control functions, such as
In China, the studies on the practical application of additional control functions have attracted more attention [37] [38] [39] [40] [41] [42] [43] [44] [45] , but they still remain in the primary stage, and their effects on participating in power system stability control should be defined clearly and specifically [46] . As shown in Figure 8 , it indicates the schematic diagram of additional control functions participating in system stability control.
Since the DC reactive power modulation's output is limited by the minimum gamma controller, and to avoid commutation failure, the modulation range is relatively small. Therefore, as a preventive control, the reactive power modulation is suitable for improving the voltage level of the power grid near the converter. The DC power/frequency modulation with lower capacity (3%~10% rated power) can be used for suppressing the low frequency oscillation in power system. The DC power/frequency modulation with higher capacity (20%~50% rated power) can contribute to enhance the transient stability of power system, and in consideration that the power emergency control and the frequency limitation control aiming at a large frequency undulation (0.5Hz) have the similar effects, they will belong to the same defence line. Among the studies on the additional control functions, lots of details should be enriched. Taking the power emergency control for an example, the output amplitude, action time and duration of the emergency power support should be systematically taken into account. In case that the output amplitude is too larger, the HVDC system will accordingly consume a mass of reactive power. Assuming that the duration is too longer, an over-braking effect may be produced, and it may affect negatively the subsequent power-angle stability. In other words, if the output amplitude and duration time are not enough, the emergency power control's effect cannot be very obvious. So, many technical questions including power increment, drop amount, changing rate and starting-support time, should be discussed fully in the future.
Promoting the Realization of Multi-Agent Control System
Currently and in a certain period of time, the smart grids with Chinese characteristics are the means and modes to enlarge grids' capability to serve both electricity producers and electricity users, improving efficiency and benefits and enhancing the reliability and availability of the whole systems, with UHV grids as their backbones and the coordinated development of the grids at different levels and in combination of advanced information, communication and control technologies [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . According to the mentioned basic demands, and in view of the construction of inter-area UHVDC power transmission projects, the existing control of single converter station may not satisfy the comprehensive requirements [57] .
As shown in Figure 9 , it indicates a multi-agent coordination control system for the HVDC power transmission, and adopting this control system can help to ensure the adaptability and self-healing capacity of the whole transmission grid [58] . HVDC Figure 9 . Schematic diagram of a multi-agent coordination control system for the hvdc power transmission.
In the suggested multi-Agent coordination control system, a centre Agent and several area Agents will be adopted. The real-time information of a large power grid can be achieved by using its related wide area measurement system, and then the information will be transferred to the centre Agent. Besides, according to an area Agent, the centralized control can be realized in the corresponding area where two or three HVDC projects may be included. From a point of view of agent theory, the agent has autonomy, sociality, reactivity and pre-activeness, it can sense environmental variation, can exchange information with the aid of communication, and can achieve the solution while many Agents coordinate, consult and cooperate [59, 60] . Thereupon, on the basis of the information exchange in two adjacent area Agents, the power order of every HVDC project located in the two areas can be controlled flexibly to satisfy the stability requirements better, and in consideration that the centre Agent can make a comprehensive decision in the light of the view of the wide area power grid, the HVDC transmission system's intelligent control level can be enhanced significantly.
Similarly, for the concrete realization of multi-Agent coordination technology into the HVDC control system, many issues should be solved in the future, such as the study of coordination control algorithm, the construction of information communication network, and the interactive influence between the multi-Agent and conventional control systems.
Conclusions
In this paper, after reviewing the existing HVDC control system's application status and the development demands of Chinese power grid, the prospect forecast of the HVDC control system is mainly discussed from the four aspects: 1) Building a general parameter setting method for the HVDC control system. 2) Researching the fault diagnosis technology with control information taken into account. 3) Strengthening the application of additional control functions of DC system. 4) Promoting the realization of multi-Agent HVDC control system.
Although in the process of technology innovation, lots of difficulties should be overcome, and many problems need to be solved, we believe that through our efforts, the HVDC control system will have a broad development space and bright prospects.
